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ABSTRACT
Recent observations have found extended multi-phase gas in a significant fraction
of massive elliptical galaxies. We perform high-resolution three-dimensional hydrody-
namical simulations of two idealized elliptical galaxies – one representing a typical
galaxy characterized by initial conditions conducive to the development of thermal
instability and the other one less likely to develop thermal instability – in order to
study the development of thermal instability and the formation of multi-phase struc-
tures. We analyze the interplay between radiative cooling, momentum-driven AGN
feedback, star formation, and stellar feedback from both young and old stars. We find
that in one class of elliptical galaxies, the entropy of the hot halo gas rises sharply
as a function of radius, and the hot halo is thermally stable and run-away cooling
can only happen in the very center of the galaxy. In other class of ellipticals, the hot
halo gas has a cooling to free-fall time ratio close to 10, and the non-linear pertur-
bation driven by AGN feedback can cause the hot gas to frequently precipitate into
extended multi-phase filaments. Both multi- and single-phase elliptical galaxies ex-
perience cooling-driven AGN feedback cycles. Interestingly, AGN feedback maintains
the multi- or single-phase nature of the halo but does not turn multi-phase galaxies
into single-phase ones or vice versa. Some of the extended cold gas in the multi-phase
galaxy also forms young stars. The level of star formation and its spatial distribution
are in excellent agreement with Hubble observations of nearby elliptical galaxies.
Key words: hydrodynamics – galaxies: active – galaxies: elliptical and lenticular, cD
– galaxies: ISM.
1 INTRODUCTION
The evolution of galaxies is heavily shaped by the super-
massive black holes (SMBHs) in their centers (see review
by Kormendy & Ho 2013). In today’s universe, most ellipti-
cal galaxies have little ongoing star formation. To maintain
this quiescent state, the energy input from the central super-
massive black holes (SMBHs) via the active galactic nuclei
(AGN) feedback is needed for mainly two reasons. First, the
cooling time of the interstellar medium (ISM) in the cen-
ter of elliptical galaxies is short. In the absence of heating,
a classical cooling flow is expected to develop in the cen-
ter of the galaxy (Fabian 1994). The classical cooling flow
model over-predicts the star formation rates both in the cen-
ter of elliptical galaxies and clusters (e.g., David et al. 2001;
? E-mail: wangcha@umich.edu
† E-mail: yli@flatironinstitute.org
‡ E-mail: mateuszr@umich.edu
Bregman et al. 2005; Mathews & Brighenti 2003; Bregman
& Lloyd-Davies 2006; Sanders et al. 2008). The solution to
this “cooling flow problem” is some form of heating to off-
set radiative cooling. AGN feedback is the most plausible
solution due to its high efficiency and self-regulating nature
(McNamara & Nulsen 2007).
In addition to solving the “cooling flow problem,” AGN
feedback is also needed to remove stellar ejecta out of the
galaxies. Old stars lose a significant fraction of their origi-
nal mass to the ISM via stellar winds during the asymptotic
giant branch (AGB) phase. The stellar ejecta need to be re-
moved to maintain the observed low density halo (Mathews
& Baker 1971). Because of the high velocities of the AGB
stars themselves (the velocity dispersion of the stars is simi-
lar to the velocity dispersion of the hot halo gas), the stellar
wind likely thermalizes to the virial temperature of the halo
quickly, and this process alone provides a small but non-
negligible amount of heating (Mathews 1990; Conroy et al.
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2015) 1. Type Ia SNe (SNIa) explosions inject more ther-
mal energy than thermalized stellar winds, but still do not
provide enough energy needed to drive a galactic wind and
sweep stellar ejecta out of the galaxy (Mathews & Brighenti
2003; Ciotti et al. 2017). Cosmological simulations also find
that stellar feedback alone cannot prevent late time star for-
mation in massive elliptical galaxies, and that AGN feedback
is still needed to maintain the quiescent state (Sijacki et al.
2007; Weinberger et al. 2017).
Accretion onto SMBHs can be dominated by the “hot
mode” described in the Bondi-Hoyle accretion model (Bondi
1952), or by the “cold mode”, assuming that the hot gas
first fragments and falls onto the black hole as cold clouds
(Balbus & Soker 1989). Recent Chandra observations of hot
X-ray gas in close vicinity of some nearby SMBHs contradict
the classical“Bondi”model predictions (Baganoff et al. 2003;
Russell et al. 2015). Theoretical and numerical investigations
suggest that hot mode accretion onto SMBHs is inefficient
(Yuan & Narayan 2014) and powerful AGN feedback is likely
triggered by cold mode accretion (Tremblay et al. 2016).
There is growing observational evidence for the exis-
tence of multi-phase gas in many elliptical galaxies. It has
been known for a long time that a significant fraction of
elliptical galaxies have dust in their cores (van Dokkum &
Franx 1995; Lauer et al. 2005) and the dust is suggested to
be linked to AGN activities (Martini et al. 2013). Recent
surveys have found both molecular and warm ionized gas
in nearby early-type galaxies (Young et al. 2011; Pandya
et al. 2017). Cold gas has also been detected in significant
amounts in the circum-galactic medium (CGM) of early type
galaxies (Werk et al. 2014). Some of the cold gas in ellipti-
cal galaxies is also turning into stars as is suggested by UV
observations (Yi et al. 2005). Recent Hubble observations
have directly detected young stars in several nearby ellip-
tical galaxies (Ford & Bregman 2013). The estimated star
formation rate is rather low (on the order of ∼ 10−4 M · yr−1
), but the existence of young stars and star clusters indicate
that many elliptical galaxies are not completely “red and
dead.”
The effects of different modes of AGN feedback have
been studied in many one- and two-dimensional numerical
simulations (Ciotti & Ostriker 1997; Ciotti et al. 2017; Li
et al. 2018a). In the past few years, cosmological simula-
tions have found that mechanical AGN feedback is more
effective at ejecting gas out of the halo and suppressing late-
time star formation than pure thermal feedback, resulting in
early-type galaxy properties that are more consistent with
the observations (Choi et al. 2012; Pillepich et al. 2017).
Gaspari et al. (2012); Eisenreich et al. (2017) have studied
the interplay between cooling and AGN feedback in more
detail using idealized three-dimensional simulations of ellip-
tical galaxies, but neither work focuses on the multi-phase
gas due to limited resolution or treatment of cold gas.
Recent observations of a sample of nearby elliptical
galaxies show that about half of them host spatially ex-
tended multi-phase gas, while the rest have single-phase ha-
1 Stellar wind heating only increases the total amount of thermal
energy per unit volume, but does not increase the specific thermal
energy (per unit mass), and thus cannot provide extra energy to
do the work required to remove the stellar winds.
los (Werner et al. 2012, 2014) 2. Voit et al. (2015) theorizes
that in single-phase elliptical galaxies, AGN and SNIa to-
gether can drive outflows that sweep stellar ejecta out of
galaxies, keeping the ISM in a single phase with only hot gas;
in multi-phase elliptical galaxies, SNIa heating is weaker,
and thermal instability can develop to form multi-phase gas
(McCourt et al. 2012; Sharma et al. 2012), but precipitation-
triggered AGN feedback helps prevent further cooling and
keeps the galaxies generally “quenched.”
In this paper, we carry out 3D adaptive mesh refinement
(AMR) simulations to study AGN feedback and multi-phase
gas in two idealized elliptical galaxies based on the obser-
vations of NGC 5044 and NGC 4472. NGC 5044 is a multi-
phase galaxy (MPG) in Werner et al. (2014), and NGC 4472
is a single-phase galaxy (SPG). We adopt the momentum-
driven mechanical AGN feedback model powered by cold-
mode accretion, which has been used in our previous sim-
ulations of cool-core galaxy clusters (Li & Bryan 2014a,b;
Li et al. 2015) and successfully reproduced many observed
features including filamentary multi-phase gas and star for-
mation (Donahue et al. 2015; Tremblay et al. 2015). Other
important physical processes included in the simulations are
self-gravity, radiative cooling, feedback from the old stellar
population (stellar wind and SNIa), and star formation and
feedback from Type II supernovae. The key questions we try
to address are: (1) How do SMBH feeding and feedback re-
late to thermal instabilities and multi-phase ISM in elliptical
galaxies? (2) How does the AGN feedback affect the hot halo
gas and drive galactic wind? (3) What causes the difference
between multi- and single-phase galaxies? (4) What is the
level of star formation and where do young stars form?
The paper is structured as follows: in Section 2, we de-
scribe the simulation setup and how different physical pro-
cesses are modeled; the main results of the simulations are
presented in Section 3, including the development of thermal
instabilities, AGN-driven galactic wind, and star formation;
in Section 4, we discuss the caveats of the simulations re-
flected in the long term evolution of the galaxies, present our
resolution and parameter studies, and compare our results
with cluster simulations and other elliptical galaxy simula-
tions. We summarize our work in Section 5.
2 METHODOLOGY
Our three-dimensional simulations are performed using the
adaptive mesh refinement (AMR) code ENZO (Bryan et al.
2014) with the ZEUS hydrodynamic method (Stone & Nor-
man 1992). The simulation domain is a 16 Mpc3 cube with
643 root grids and a maximum of 11 refinement levels. There-
fore, the size of the smallest cell is ∆xmin = 16 Mpc/64/211 ≈
122 pc. We follow the refinement criteria used in galaxy clus-
ter simulations (Li & Bryan 2012, 2014a,b; Li et al. 2015).
Detailed descriptions of the refinement criteria can be found
in Li & Bryan (2012). Here we only repeat the key points.
A non-maximum-refined cell is refined if (1) the cell mass is
larger than one-fifth of the gas mass in one cell of the root
grid; (2) the ratio of gas cooling time to sound-crossing time
2 Note that galaxies with cold gas detected only in the nuclei are
classified as single-phase galaxies; only galaxies with extended Hα
emission are classified as multi-phase galaxies.
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3of the cell is smaller than 6 (we use a somewhat arbitrary
value larger than 1 to better resolve cooling); (3) the size of
the cell is larger than four times the local Jeans length.
In addition to AMR, we place a nested set of static re-
fined boxes in the central area of the simulation domain. The
boxes are placed such that the minimum level of refinement
increases from 7 at r = 100 kpc to 11 at r = 0.8 kpc. This
ensures that the AGN jet launching region is always refined
to the highest level and that the inner halo is reasonably
well resolved even in the absence of cold gas.
To better resolve the onset of cooling instability and the
multi-phase structures, we use the “super-Lagrangian” re-
finement as described in Li & Bryan (2012). This makes the
maximum mass of cells decrease with increasing refinement
levels. In our standard simulation, the maximum cell mass
at l = 11, our highest level of refinement, is ∼ 1.8 × 105 M.
However many cells in the simulations have much smaller
masses (∼ 102 M), partially owning to our static refined
boxes.
We model two idealized elliptical galaxies. The initial
conditions are described in §2.1. Important physical pro-
cesses in our simulations include radiative cooling, self-
gravity, momentum-driven AGN feedback, feedback from
evolved stars, and star formation, and Type II supernova
feedback from young stars. For radiative cooling, we calcu-
late the cooling function derived from the Table 4 of Schure
et al. (2009) for T > 104 K and extend it down to 300 K us-
ing the cooling rates given by Rosen & Bregman (1995). In
§2.2, we describe in detail how we model the other physical
processes.
2.1 Galaxy Initial Conditions
Our MPG and SPG are modeled to agree with NGC 5044
and NGC 4472, respectively. Both of them are central dom-
inant galaxies of low-mass groups. NGC 5044 has extended
multi-phase gas and NGC 4472 is observed to be a single-
phase elliptical galaxy. We choose them as representatives of
multi- and single-phase galaxies, and refer to them as MPG
and SPG throughout the paper instead of using their actual
names.
We model the two galaxies in a similar fashion. Both
galaxies are initially spherically symmetric and in hydro-
static equilibrium. The gravitational potential for each
galaxy consists of self-gravity of the gas and three static com-
ponents: dark matter, stars, and the central black hole. The
dark matter halo is described by an NFW profile (Navarro
et al. 1997), which is characterized by the virial radius rvir,
virial mass Mvir, and the concentration parameter c.
The stellar density profile, ρ∗(r) is described by a spher-
ically symmetric de Vaucouleurs profile with a power-law
core in the inner region:
ρ∗(r) =
{
ρdeV(r; re,M∗), r > rc
ρdeV(rc ; re,M∗)(r/rc)−0.9, r 6 rc , (1)
where re is the effective radius and M∗ is the total stellar
mass. The approximate de Vaucouleurs profile is adopted
from Terzic´ & Graham (2005).
The central black hole is treated as a point source of
gravity with mass MBH. We adopt the NFW parameters
from Mathews & Brighenti (2003) for the SPG and from
Valentini & Brighenti (2015) for the MPG. The parameters
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Figure 1. The initial conditions of the two galaxies. Upper panel:
the initial electron density profiles of the simulated MPG (NGC
5044, solid blue line) and SPG (NGC4472, dashed red line). The
blue points are the observed data for the MPG from Buote et al.
(2003a) (filled triangles), Buote et al. (2004) (filled squares), and
Werner et al. (2014) (filled circles). The red points are for the
SPG from Irwin & Sarazin (1996) (open squares) and Werner
et al. (2012) (open circles). Lower panel: the initial temperature
profiles and the observed X-ray data. Color scheme and line styles
are the same as in the upper panel.
for modeling the gravity potential for SPG and MPG are
listed in Table 2.1.
The properties of the hot halo gas are modeled accord-
ing to the X-ray observations of the two galaxies (SPG: Irwin
& Sarazin 1996; Werner et al. 2012, and MPG: Buote et al.
2003a, 2004; Werner et al. 2014). For each galaxy, we first
fit the temperature data using an analytical expression. We
then calculate the density profile assuming hydrostatic equi-
librium, normalizing it to match the observed data, shown
in Figure 1. We do not put in any multi-phase gas by hand
in the initial setup.
For both galaxies, we set the metallicity of the gas
to be a constant solar abundance. This simplistic assump-
tion is consistent with the X-ray observations of the central
several tens kpc regions of both galaxies (for SPG, Athey
2007; Humphrey et al. 2006; for MPG, Buote et al. 2003b;
Komiyama et al. 2009).
MNRAS 000, 1–16 (2018)
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Table 1. Gravitational potential parameters
Model Name re(kpc) M∗(1011M) rc (kpc) c Mvir(1013M) rvir(kpc) MBH(108M)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
SPG NGC 4472 8.57 7.26 0.2 6.7 4 700 5.6
MPG NGC 5044 10 3.5 0 8.5 4 900 4
Note. (1) Model name: SPG is the single-phase galaxy, and MPG is the multi-phase galaxy, (2) Name of the galaxies: SPG is modeled
to agree with NGC 4472 and MPG with NGC 5044, (3) Effective radius, (4) Total stellar mass, (5) Radius of the power-law core of the
stellar density profile, (6) Dark matter halo concentration parameter, (7) Total halo mass within the virial radius, (8) Virial radius, (9)
Black hole mass. See §2.1 for more details.
2.2 Physical Processes
2.2.1 AGN feedback
The way we model the AGN feedback is similar to that of
Li & Bryan (2014a,b). Here we only repeat the key points.
The SMBH is located in the center of the galaxy. In or-
der to model the black hole accretion, at each time step (∆t)
we calculate the mass accretion rate ( ÛMacc) by dividing the
total cold gas mass within the central vicinity (r < 500pc)
by the local characteristic free-fall time (5 Myr). After this
time step, ÛMacc∆t of cold gas in this region is removed.
We model the AGN jets as bipolar outflows launched
along the z−axis from a pair of jet launching planes. The
two jet launching planes are both parallel to the x-y plane
and located at the center of the simulation domain. Mass
(∆m) is loaded onto the launching planes at each time step
following a distribution of ∆m ∝ exp
[
−r2
2r2jet
]
, where r 6 2rjet
is the distance from the z-axis and rjet = 1.5∆xmin. The to-
tal amount of launched gas is normalized to be equal to
that of the gas removed in the accretion process, namely∫
r62rjet ∆m =
ÛMacc∆t. That is, we assume that only a very
small amount of gas is actually accelerated onto the SMBH.
The jet power is given by
Pjet =  ÛMaccc2. (2)
The feedback efficiency  is 0.5% in our standard runs. We
further assume that 10% of the jet power is thermalized
(put in as thermal energy) and the remaining 90% is put in
as kinetic energy. In our standard simulations, the jet pre-
cesses at a small angle (θ = 0.15 radian) with a period of 10
Myr. This small precession angle and the exact value of the
thermalization fraction of the jet do not have a significant
impact on the simulation results. We discuss the impact of
the choice of parameters, including the feedback efficiency,
in Section 4.2.
2.2.2 Feedback from old stars
For the feedback from old stellar population, we consider
the mass and energy input from stellar wind and energy
feedback from type Ia supernovae (SNe Ia). The mass loss
from old stars are described by a specific mass ejection rate
α = 10−19 s−1, so that the amount of the ejected matter
per unit volume per unit time is αρ∗. The ejected matter is
assumed to be thermalized to the stellar virial temperature
(Mathews & Brighenti 2003). We adopt σ = 300 km · s−1
which is a typical value for group centrals.
The SNe Ia feedback from old stars is modeled by inject-
ing pure thermal energy to the ISM. The energy injection is
azimuthally uniform, with its rate proportional to the stellar
density. The energy input is 1051 ergs per SN explosion. The
specific SNe Ia rate is 3 × 10−11 kyr−1 ·M−1, which is the
value used in Voit et al. 2015 and is broadly consistent with
the observations (Maoz et al. 2012). With these parameters,
SNIa heating rate is about 5 times the heating rate of the
thermalized stellar wind.
2.2.3 Star formation and stellar feedback
Star formation and feedback from young stars are modeled
in the same way as in Li et al. (2015). We model star for-
mation following Cen & Ostriker (1992) with stochastic for-
mation of star particles. A star particle is created if the
following criteria are satisfied in a cell: (1) the gas is denser
than a critical density (we use 1.67 × 10−24 g · cm−3 in our
simulations), (2) the cell mass exceeds the local Jeans mass,
(3) the flow is convergent, and (4) tcool/tcollapse < 1 where
tcollapse =
√
3pi/(32Gρgas). The mass of the created star parti-
cle is m∗ = 0.02mcell∆t/tcollapse if m∗ > m∗min = 105 M, where
mcell is the cell mass and ∆t is one computational time step.
For cells which meet the four criteria but have m∗ < m∗min,
star particles are formed stochastically with a possibility of
m∗/mmin; and the mass of the particle is min(0.8mcell,m∗min).
This stochastic procedure is used to prevent forming too
many star particles. We further consider stellar feedback in-
cluding mass loss and Type II supernova from the created
stars. For the mass loss, we let the created stars return 25%
of their mass to the gas phase; for Type II supernova feed-
back, 10−5 of their rest-mass energy is injected as thermal
energy to local cells.
3 RESULTS
In this section we discuss the properties of the two simu-
lated galaxies over 1.5 Gyr. §3.1 describes the general gas
evolution in MPG and SPG, and in §3.2 we analyze the de-
velopment of thermal instabilities and the formation of cold
gas in the two system. In §3.3 we discuss the how gas sweep-
ing is achieved in the two simulated galaxies and compare
it with the theoretical analysis in Voit et al. (2015). We dis-
cuss star formation in our simulated galaxies and compare
MNRAS 000, 1–16 (2018)
5it with observations in Section 3.4, and in Section 3.5 we
discuss the velocity dispersion of the hot ISM.
3.1 General properties of the evolution of the
galaxies
3.1.1 Multi-phase Galaxy (NGC 5044)
In the MPG, the system goes through several major precipi-
tation cycles with AGN activities and extended multi-phase
gas. At the beginning of the simulation, AGN feedback is off.
Radiative cooling causes gas to condense in the center of the
galaxy almost immediately after the simulation starts. This
is because in our initial setup, cooling time decreases towards
the center monotonically. If we keep AGN feedback off, a
classical cooling flow develops in the center of the galaxy,
which we have verified numerically. In our standard run with
AGN feedback, condensation near the SMBH triggers AGN
feedback, which quickly heats up the gas in close vicinity to
the SMBH. This small amount of energy injection, however,
only delays further condensation by ∼ 30 Myr as is shown in
Figure 2. At t ≈ 70 Myr, a major precipitation event occurs
in the center of the galaxy with a multi-phase structure that
extends out to ∼10 kpc, which triggers a strong AGN out-
burst. The gas falls toward the SMBH, and swirls around
it as it gradually feeds the SMBH. Meanwhile, more gas
continues to precipitate within r < 10 kpc and continues to
power AGN feedback. The mechanical AGN feedback gen-
erates shock waves that heat up the ISM as they propagate
through the halo. These shock waves also create low density,
high temperature regions that resemble X-ray bubbles often
observed in these systems (see a snapshot of the projected
gas density during this period in the first panel of Figure 3).
Interestingly, even though star formation is allowed to hap-
pen, no star particle forms in this first cycle of precipitation
in spite of the presence of multi-phase gas (third panel of
Figure 2).
At t ≈ 400 Myr, all the cold gas near the SMBH has been
accreted or turned into stars, which turns off AGN feedback.
At the same time, a parcel of low entropy gas that has been
lifted up by previous AGN activities starts to condense at r ≈
30 kpc. The cold gas falls to the center of the galaxy, forming
stars on its way, and reignites AGN feedback, which marks
the beginning of the second cycle. Precipitation continues
until all the cold gas settles to a clumpy rotating disk around
the SMBH at about t ≈ 800 Myr. The disk then shrinks as
star formation and accretion onto the SMBH continues, and
eventually vanishes at t ≈ 1.1 Gyr, which shuts off AGN
feedback again. This is the end of the second cycle. The top
right panel of Figure 3 shows this brief quiescent phase.
The third cycle begins at t ≈ 1.2 Gyr in ways very sim-
ilar to the first cycle: a small amount of condensation first
happens in the center, triggering a brief AGN outflow that
is followed by a major precipitation and AGN outburst. We
focus on the first 1.5 Gyr of the simulation and leave the
evolution of the galaxy after this point for discussion in Sec-
tion 4.1.
The cold gas mass peaks at few times 108 M, and the
jet power mostly varies within 1043 ∼ 1044 erg · s−1 (Fig-
ure 2). Note that the general cyclical behavior is not sensi-
tive to simulation parameters, but details are. For example,
a very small change in one simulation parameter can result
in a noticeable difference (a factor of two) in the exact du-
ration of each cycle, the exact amount and spatial extension
of the multi-phase gas, and whether precipitation first starts
at the center or off center (though the first condensation in
the simulation always starts in the center).
3.1.2 Single-phase Galaxy (NGC 4472)
The SPG evolves quite differently from the MPG. As in
the case of the MPG, runaway cooling also happens first in
the center of the galaxy, and triggers AGN feedback, but
this does not lead to a major precipitation event with the
formation of extended multi-phase gas. Instead, after the
cold gas is quickly accreted onto the SMBH and AGN is
turned off, condensation occurs again in the center of the
galaxy, with no spatially extended multi-phase gas present.
This central condensation ignites the AGN again and the
galaxy continues to go through cycles of central cooling and
AGN feedback. The bottom panels of Figure 3 show the
projected gas density of the SPG when the cold gas is about
to turn on the AGN (bottom left panel) and when cold gas
is gone right after an AGN outburst (bottom right penal).
The peak of the AGN power approaches 1044 erg · s−1, only
slightly lower than the MPG, but the duration of each cycle
is much shorter, typically lasting only tens of Myr or even
shorter, followed by several tens of Myr pause (Figure 2).
Within 1.5 Gyr, the SPG only shows extended multi-
phase gas at t ∼ 700 Myr. The multi-phase structure reaches
its maximum spatial extent of ∼ 12 kpc, and the amount of
cold gas rises to 6 × 107 M. Except for this brief moment
of spatially extended cooling, the galaxy never hosts more
than 107 M cold gas, and the cold gas is always only found
in the nucleus of the galaxy.
Despite the drastic difference between the two galaxies
in the spatial extent of the multi-phase gas and the dura-
tion of individual feedback episodes, the periodicity appears
universal. Both galaxies evolve through cycles of gas cooling
and AGN outbursts. Within 1.5 Gyr, the averaged gas prop-
erties bounce around the initial condition for both galaxies
(Figure 4). The density, temperature, entropy and pressure
profiles of both hot halos stay rather close to their initial con-
ditions. Even though large fluctuations are seen in the “true”
profiles, the “observed” profiles are much smoother due to
the projection effect. As an example, we show in the third
row of Figure 4 the projected temperature profiles, close to
what an observer would see. The projected temperature pro-
files are smoother and closer to the initial conditions than
the profiles directly computed from the simulation data (the
second row).
The X-ray luminosities of the two systems do not show
large fluctuations either. Figure 5 shows the two galaxies on
the LX − LB relation. Within 1.5 Gyr of the simulations, the
variation of LX is within 28 percent of the initial condition
for the MPG and 49 percent for the SPG.
3.2 Thermal Instabilities and multi-phase ISM
In this section, we analyze our simulation results in more de-
tail, with a focus on the multi-phase ISM in the two galaxies.
In particular, we discuss why thermal instabilities develop
differently in the two galaxies, and compare our results with
analytical work and previous numerical simulations.
MNRAS 000, 1–16 (2018)
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Figure 2. From the top to bottom panel: the evolution of cold gas mass, jet power, and star formation rate in the two simulated galaxies.
Red color corresponds to the SPG and blue to the MPG. In the top panel, the solid blue line corresponds to the cold gas within r < 10
kpc region; and the dashed line corresponds to the total amount of the cold gas in the galaxy. Simulation data are sampled every 10
Myr. For clarity, we show the instantaneous jet power in lighter color in the middle panel, and add solid lines that are averaged with a
20-Myr moving window.
The development of thermal instability in a gaseous halo
is closely related to its min(tcool/tff) ratio. Recent observa-
tions suggest that there is a critical ratio of min(tcool/tff) ∼10
where hot halos of elliptical galaxies and galaxy clusters
can develop extended multi-phase gas (Werner et al. 2014;
Voit & Donahue 2015). Numerical simulations also generally
agree that thermal instabilities occur when the min(tcool/tff)
of the system drops below a critical value, typically between
a few and 20 (Sharma et al. 2012; Gaspari et al. 2012; Li &
Bryan 2014a; Meece et al. 2015).
Our simulations confirm that elliptical galaxies develop
extended multi-phase gas when the average tcool/tff ≈ 10.
Figure 6 shows the “stacked-average” tcool/tff in our two sim-
ulated galaxies. For every simulation output (every 10 Myr),
we plot the distribution of X-ray luminosity-weighted tcool as
a function of radius, normalized within each radius bin. We
then stack these individual plots to obtain an average distri-
bution. The goal is to create a stacked tcool profile similar to
that observed in a sample of multi-phase and single-phase
ellipticals. We over-plot dashed lines representing 5, 10, 20,
and 70 times the free-fall time tff(r).
In the MPG, the average cooling time (cyan line) of the
gas is very close to the tff × 10 line (left panel of Figure 6).
However, at any radius, the distribution of tcool extends well
below 5tff , and the gas that precipitates in the simulation
is the gas at the low end of the tcool distribution, with a
tcool/tff closer to 1. The same point has also been made in
Li & Bryan (2014b); Meece et al. (2015) in the context of
precipitation in galaxy clusters.
We have analyzed the physical reason for precipitation
occurring when the average tcool/tff is above 1 in galaxy clus-
ters (Li & Bryan 2014b,a; Voit et al. 2017). The physical
processes are similar in our simulations of multi-phase ellip-
tical galaxies discussed here, and therefore we only empha-
size the key points without repeating the same analysis: in
systems where AGN feedback is the main source of pertur-
bation, AGN itself is the reason for precipitation (sometimes
phrased as “negative feedback”). Both tcool and tff increase
as a function of radius. Lower entropy gas is uplifted by
AGN jets from small radii to larger altitudes where tcool
(∼ constant if the uplifting process is adiabatic; see Li &
Bryan (2014b)) becomes comparable to the local tff . Besides
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projection is along the y−axis and the AGN jets are along the z−axis. Animations can be found at https://vimeo.com/266890265
(MPG) and https://vimeo.com/266890473 (SPG).
direct uplifting, AGN jets also drive turbulence, which facil-
itates precipitation by suppressing buoyancy damping (Voit
2018). In addition, turbulence enhances density contrast and
broadens the distribution of tcool at any given radius. The
high density, low entropy gas is more likely to cool into cold
clouds.
Based on the Hubble observations of 77 early-type galax-
ies, Lauer et al. (2005) hypothesize that dusty clouds form,
settle to the center and disappear repeatedly. This cyclical
behavior is recreated in our simulated MPG.
In the SPG, however, even the non-linear perturbation
from AGN cannot cause precipitation. The average cooling
time of the gas is a steep function of radius (right panel
of Figure 6). The average tcool is above 10tff throughout the
halo, except at the very center, where the gas does condense.
Even the low entropy tail sits mostly above 5tff . Thus the
hot halo of the SPG is too stable for condensation to happen
except for the very center.
The stability of hot halo gas is also tightly linked to its
entropy defined as K = kTn−2/3e . This is not a surprise as
the entropy is almost linearly proportional to cooling time
for temperatures we are interested in (∼ 1 keV). The third
row of Figure 4 shows the time evolution of the gas en-
tropy profiles in our simulated galaxies. Voit et al. (2015)
analyze a sample of single and multi-phase galaxies and find
that the two populations have distinctively different entropy
profiles. The single-phase galaxies in their sample follow an
outflow solution, with K(r) = 5rkpc keV · cm2, shown as the
gray dashed line. The entropy of multi-phase galaxies follows
a shallower slope, with K(r) = 3.5r2/3kpc keV · cm2, correspond-
ing to a precipitation threshold at tcool/tff ≈ 10, shown as
the pink dashed line. Our simulations show that the sin-
gle phase galaxy indeed follows the outflow solution of Voit
et al. (2015) and that the multi-phase galaxy evolves around
the precipitation limit. This means that self-regulated AGN
feedback is able to maintain the “single-phase” or “multi-
phase” nature of the gaseous halo, and the main reason is
that AGN feedback helps maintain the halo in rough hydro-
static equilibrium, and does not cause the galaxy to deviate
much from the initial condition.
It is worth emphasizing that AGN feedback does not
turn a MPG into a SPG. Even though our simulated MPG
experiences brief single-phase moments between feedback
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The error bars represent the range of total X-ray luminosities
within 1.5 Gyr.
cycles, its profile is consistent with that of a typical MPG.
Real MPGs likely host extended multi-phase gas even more
frequently than our simulated MPG as we do not consider
any minor merger events, which could also trigger precip-
itation. In addition, winds from AGB stars may not fully
mix with the hot ISM before they seed further condensation
(Parriott & Bregman 2008).
Whether an elliptical galaxy is single or multi-phase ul-
timately is determined by its formation history and environ-
ment. What our simulations imply is that once an elliptical
galaxy has formed, it is locked to its state: a SPG will almost
always have a single-phase halo, and a MPG will frequently
have extended multi-phase gas and low-level star formation.
3.3 Cooling, Heating, and Sweeping
In this section, we examine the balance between cooling,
heating, and sweeping of stellar ejecta. Old stellar popula-
tion in massive elliptical galaxies keeps losing mass into am-
bient ISM via stellar winds. To prevent the classical cooling
flow and excessive star formation, the stellar wind material
has to be removed from the galactic interior. This requires
energy in addition to the energy needed to account for ra-
diative cooling loss.
Sources of energy injection include AGN feedback, SNIa
and thermalized stellar wind itself. The last two terms are
modeled as injection of thermal energy in our simulations
as described in Section 2. With the parameters we adopted,
heating from SNIa is about 5 times the heating from stellar
wind. Our AGN feedback injects mostly kinetic energy at
the jet base, which then dissipates into heat via shock waves
and turbulence with the former being the dominant chan-
nel (Yang & Reynolds 2016; Li et al. 2017). The minimum
amount of energy needed to sweep stellar ejecta out to ra-
dius r is the sum of the change in the potential energy of
the stellar ejecta and the enthalpy change.
Figure 7 shows how different sources of energy loss and
injection compare with each other. In the MPG, within 10
kpc (upper left panel), the total energy needed to balance
cooling and sweep out stellar ejecta is about 5 times the en-
ergy provided by stellar heating. In the SPG, within 10 kpc
stellar heating, cooling and sweeping energy requirements
are comparable. This is generally consistent with the esti-
mation in Voit et al. (2015), which leads to their conclusion
that SN-driven outflow effectively sweeps stellar ejecta out
of the SPG but not the MPG. When we consider the energy
injected by AGN, however, we see a more nuanced picture.
In both MPG and SPG, the energy injected by AGN is more
than an order of magnitude higher than stellar heating. Al-
though this energy is not all deposited in the central 10 kpc,
the work done by AGN has to be comparable to stellar heat-
ing in the SPG to maintain the balance within 10 kpc. In
the MPG, AGN does most of the sweeping. As pointed out
in Voit et al. (2015), sweeping in MPG is not effective. In-
deed, the total amount of gas that cools (∼ 5.5 × 108 M)
is not much smaller than the amount added by old stars
(∼ 6.9 × 108 M). In other words, only a fraction of the
stellar ejecta is swept out; the rest is “recycled” and forms
multi-phase gas. The fate of the cold gas is discussed in more
detail in Section 4.3.
If we consider a larger region of the galaxy (r < 100
kpc, bottom panels of Figure 7) instead of just the central
10 kpc, we find an even larger deficit if stellar feedback is
the only source of heating in both MPG and SPG. Due to
its higher gas density, the MPG loses more energy via radia-
tive cooling, which causes the AGN to inject more energy to
maintain the balance. Because coupling is not perfect, the
total energy injected by the AGN is 2-3 times the energy
needed within 100 kpc. This is very similar to what is found
in our previous simulations of cool-core galaxy clusters (Li
et al. 2015). We compare our simulations with cluster simu-
lations in more detail in Section 4.3.
Figure 8 shows the outflow rate that is needed to main-
tain a steady state halo (dashed line) along with the actual
mass flux measured in the simulation. Although the mea-
sured flux varies with time, in both MPG and SPG, the av-
erage flux matches the expectation almost perfectly within
10 kpc. This is in line with Figure 4 which shows that the
properties of the gas in the innermost 10-20 kpc do not devi-
ate much from the initial conditions. However, at r > 10−20
kpc, the measured outflow rate falls below expectation in
both MPG and SPG. As is shown in Li et al. (2017), the en-
ergy deposition of mechanical AGN jets is a steep function
of radius (∼ r−3) (see also Voit & Donahue (2005); Fabian
et al. (2005)). As a result, swept-up stellar ejecta pile up
around ∼ 30 kpc, gradually increasing the density of the gas
(Figure 4). This then causes the cooling rate to increase,
driving an inflow from even larger radii in a process simi-
lar to the classical cooling flow. This is why the radial mass
flux becomes negative in Figure 8. Because the MPG has a
higher density halo and a shorter cooling time, this effect is
more dramatic. We discuss the result of this pileup problem
in Section 4.1.
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3.4 Young Stars in Multi-phase Elliptical Galaxies
Low-level star formation in elliptical galaxies has been sug-
gested by observations of optical lines and dust lanes (Lauer
et al. 2005). Using ultraviolet Hubble Space Telescope Wide
Field Camera 3 imaging, Ford & Bregman (2013) detected
young stars and star clusters in all of the four nearby ellip-
tical galaxies they observed.
As described in Section 3.1, stars form in extended
multi-phase structures in our simulated MPG, with a rate of
. 0.1 M · yr−1. We show the radial distribution of cold gas
(solid line), old stars (dashed line), and newly formed young
stars (histogram) in Figure 9. The density distributions of
cold gas and young stars are again a “snapshot average” ob-
tained by stacking the distribution from all simulation out-
put data (generated every 10 Myr). Here young stars are
defined as star particles with an age younger than 10 Myr.
The old stellar population follows the de Vaucouleurs profile
by design (§2.1).
To make comparison easier, the young star density is
multiplied by a factor of 107 and the cold gas density is mul-
tiplied by a factor of 104. The radial distribution of young
stars is very similar to the distribution of cold gas. This is
not surprising as star formation occurs over a short timescale
(the local dynamical time of the cold dense gas). The distri-
bution of young stars is also similar to the old stars, with a
slightly steeper slope.
The star formation rate in our simulated galaxy and
more remarkably, the radial distribution of the young stars
are in excellent agreement with the measurements in Ford
& Bregman (2013).
For comparison, we also plot in Figure 9 the distribu-
tion of cold gas in our simulated SPG, which is both much
lower in its total amount and much more spatially concen-
trated than cold gas in the MPG. As mentioned earlier, stars
never form in our simulated SPG despite the existence of
cold gas. We do caution that our star formation model has
been mainly calibrated using simulations of star forming disk
galaxies, and thus may not be perfectly suitable for star for-
mation in elliptical galaxies. Nonetheless, even if stars do
form in SPGs, they should be very concentrated in the nu-
clei. Our model predicts very different spatial distributions
of both multi-phase gas and stars in single-phase and multi-
phase galaxies, which can be tested with future observations
of a larger sample of ellipticals.
3.5 Velocity Dispersion of the Hot Gas
Besides the obvious difference in the morphology of cold
gas between the MPG and SPG, there is also significant
difference in the AGN duty cycle and power, and thus the
level of perturbation it causes in the hot ISM.
As described in Section 3.1 and shown in Figure 2, in
the MPG, AGN feedback has a longer duty cycle, longer“on”
time, and overall more energy output than in the SPG (see
also Figure 7). As a result, the MPG also has a more per-
turbed hot halo. This is reflected in the profiles of the hot gas
shown in Figure 4. The gas density, temperature, entropy,
and pressure of the MPG generally show larger fluctuations
than in the case of the SPG.
Figure 10 shows the distribution of average line-of-sight
velocity dispersion of the central 10 kpc region of our sim-
ulated MPG and SPG. Though the range of σ is similar
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(∼ 50 − 300 km · s−1) for both galaxies, MPG show a higher
fraction time with σ > 100 km · s−1. We further define an
active phase by selecting times when the AGN is on. Both
galaxies show higher sigma during their active times as one
would expect, and similar σ distribution when the AGN
is off, typically between 50 and 100 km · s−1. Selecting times
when cold gas is present within r < 10 kpc as the active phase
yields similar results. These findings are generally consistent
with previous 3D and 2D simulations of similar systems un-
der the influence of momentum-driven AGN feedback (Gas-
pari et al. 2012; Valentini & Brighenti 2015).
Ogorzalek et al. (2017) measured turbulent velocities
of 13 nearby elliptical galaxies using resonance scattering
and line broadening. Their measured range and mean (∼
110 km · s−1) are in good agreement with our simulations.
In particular, they obtained a σ1D = 172+108−79 km · s−1 for
NGC 5044 (our MPG); and even though additional data
is needed for better measurements of turbulence in NGC
4472 (our SPG), their analysis supports weak turbulence, in
good agreement with our simulation results. With a larger
sample of elliptical galaxies, we should be able to test our
prediction that velocity dispersion of the hot halo gas is
positively correlated with AGN activities and the existence
of cold gas.
4 DISCUSSION
4.1 Long-term Evolution
In this section, we discuss the evolution of the galaxies after
the first 1.5 Gyr. As discussed in Section 3.3, because AGN-
driven galactic wind weakens at larger radii, stellar ejecta
Figure 10. Normalized distributions of velocity dispersion (com-
puted as the standard deviation of velocities along x−axis) of
r < 10 kpc region weighted by the 0.5-9.9 keV X-ray emissiv-
ity in our simulated MPG (top panel) and SPG (bottom panel).
Hatched regions denote the epochs when the AGN is off.
gradually pile up around a few tens of kpc, which then in-
creases the cooling rate. As a result, a major precipitation
event happens at t ∼ 1.4 Gyr in the MPG, with ∼ 2×109 M
of cold gas cooling out of the hot halo. The cold gas falls to
the center and forms a massive cold disk. The inner bound-
ary of the disk extends to the accretion region. The disk
keeps feeding the central black hole, continuously powering
AGN feedback, but the angular momentum prevents it from
being quickly accreted. The hot ISM cools directly onto the
disk. The central few kpc region gets over-heated and be-
comes isentropic. Eventually, after about 2 Gyr, star forma-
tion and SMBH accretion completely consume the cold disk
and the system returns to a state similar to its initial condi-
tion. The SPG experiences a similar cycle, at a much later
time (t ∼ 4 Gyr).
One can argue that AGN feedback is still maintaining a
thermal balance during the 2 Gyr cold disk phase. However,
the existence of an overly massive cold disk and a large isen-
tropic core violate the observations of most elliptical galax-
ies. Thus, we consider this phase unphysical and do not in-
clude it when discussion our main results in Section 3. A
persisting massive cold disk is commonly seen in numeri-
cal simulations of massive galaxies or clusters (Li & Bryan
2014a; Prasad et al. 2015; Eisenreich et al. 2017). Below we
discuss the possible solutions to this problem.
The solutions to the cold disk phase fall in three cate-
gories: (i) a major cooling event should never happen, or (ii)
the disk should never form in such an event, or (iii) the cold
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disk is a short-lived phase. It is possible that minor merg-
ers, which are not included in our idealized simulations, can
provide heating via dynamical friction in the outskirts of the
galaxies at r ∼ 30 kpc to keep the gas properties constant.
It is also possible that our AGN feedback is too simplistic,
and real AGN jets are able to more effectively remove gas
accumulated due to stellar winds to large radii out of the
galaxy.
More probably though, elliptical galaxies do periodi-
cally host a significant amount of cold gas and go through a
very short quasar phase (Yuan et al. 2017). It is possible that
the newly formed cold clouds are more easily destroyed due
to thermal conduction or they have additional pressure sup-
port from cosmic rays and/or magnetic fields (thus a larger
ram-pressure cross-section for given mass) (Li et al. 2018b),
and therefore a massive disk never forms. It is also possi-
ble that massive cold disks do form (Alatalo et al. 2013)
and trigger a quasar as a result of the secular evolution of
the galaxies even without a wet merger. Quasar-mode AGN
feedback could effectively destroy or remove the cold gas
via radiation-driven dusty winds (Ciotti et al. 2017). Cos-
mic rays from supernovae could also drive galactic winds
and remove gas from such disks (Booth et al. 2013; Salem
& Bryan 2014; Pakmor et al. 2016; Ruszkowski et al. 2017a;
Butsky & Quinn 2018). Cosmic rays injected by the AGN
could disperse in the circumgalactic medium and in the pro-
cess heat the gas via the streaming instability (Ruszkowski
et al. 2017b). Alternatively, we simply do not have the res-
olution to resolve the instabilities of the cold disk for it to
be quickly accreted. It is also possible that the longevity of
the cold disk has to do with numerical over cooling at the
mixing layers between the hot gas and cold gas (Brighenti
et al. 2015).
Regardless of the true reason for the existence of the
disks, we think that the cold disk should be short-lived if
it ever forms in real galaxies as elliptical galaxies are rarely
observed to host a cold disk of 109 M, and the system
should quickly return to the cycles described in Section 3.
We will test some of the hypothesizes above to solve the disk
problem in future work.
4.2 Resolution and Model Parameters
4.2.1 Lower Resolution Run
To test the convergence of our simulations, we perform lower
resolution runs with a maximum refinement level of 10, one
level coarser than our standard runs. Everything else is kept
the same as in the standard run, including the physical size
of the jet launching plane and the accretion zone. We find
that the results are qualitatively very similar to our stan-
dard runs. In particular, we find similar cyclical behavior
(although the exact durations differ) and tcool/tff distribu-
tion. The main difference is that there are fewer cold clumps
and individual clumps are larger, as one would expect.
4.2.2 Testing Model Parameters
Since our simulation results are converged, all our tests of the
impact of changing model parameters are performed using
the lower resolution with a maximum refinement level of 10.
We find that our simulation results do not change qualita-
tively when we change the kinetic fraction of the AGN feed-
back energy as long as the feedback is not purely thermal.
This is consistent with what is found in cluster simulations in
Li & Bryan (2014a); Meece et al. (2017). The result does not
depend on the exact value of small angle precession either,
again in agreement with Li & Bryan (2014a); Meece et al.
(2017). However we do find that the cold disk forms earlier
when there is no precession at all. Note that even though the
general results are robust, the details of the galaxy evolution
are very sensitive to any small change in simulation param-
eters or initial conditions. These details include the exact
duration of individual cycles, the exact amount of cold gas
that cools in each cycle, and the exact morphology of the ex-
tended multi-phase structures, which can be more bi-polar,
isotropic, or more disky. This is because the evolution of the
system is highly non-linear. Thus, the results discussed ear-
lier, based on our standard run, should not be seen as the
one and only evolutionary path, but rather as a typical one.
The MPG simulation without star formation leads to
similar results to the standard run, because star formation
is inefficient and has little impact on the evolution of the
system. This is quite different from our previous simulations
of cool-core clusters and is discussed in more detail in Sec-
tion 4.3.
The one parameter that can alter the results signifi-
cantly is the feedback efficiency  . When we increase  by a
factor of 2 to 1%, we see very little change compared with
our standard run, but when we decrease  to 0.1%, the sim-
ulated galaxies appear drastically different. A large amount
of gas (∼ 108 M) cools into spatially extended structures
and forms stars even in the SPG. This is not surprising as
the total energy injected by the SMBH in our standard run
is only 2-3 times the required energy to balance radiative
cooling and sweep stellar ejecta out of the halo (Figure 7).
A lower  causes the galaxies to evolve significantly away
from their initial conditions and thus violate the observa-
tions. This finding is in tension with Gaspari et al. (2012),
which we discuss in detail in Section 4.4.
4.3 Comparison with Cluster Simulations
The evolution of our simulated elliptical galaxies, especially
the MPG, shares many similarities with simulated cool-core
galaxy clusters in our previous works (Li & Bryan 2014a,b;
Li et al. 2015). Both MPG and cool-core clusters experience
cycles of AGN outbursts, formation of extended multi-phase
gas and star formation. The criterion for thermal instability
to develop in both systems is tcool/tff ∼ 10, and the feedback
efficiency required for AGN to balance cooling is also similar
( ∼ 0.5 − 1%). The amount of gas that precipitates and the
number of stars that form are lower in MPG than in clusters.
As a result, individual cycles are also shorter in MPG than
in clusters. This is simply because the density of the hot gas
in the MPG is much lower than in the center of a cool-core
clusters. Thus, the amount of low entropy hot gas that can
cool in each cycle is smaller.
The most striking difference between the MPG and the
cluster simulations is the fate of the cold gas. Figure 11
shows the total amount of cold gas (T < 105 K) processed
by the SMBH, the amount that formed stars, and the gas
that exists in the system integrated over time. The amount
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is returned to the hot phase via shredding and mixing (red).
of gas turning into stars is only ∼ 1/10 of that falling onto
the SMBH. This is quite the opposite of what is seen in our
simulated cool-core cluster, where the amount of star forma-
tion is an order of magnitude larger than SMBH accretion.
We speculate that this is because the cold clumps in
our simulated MPG are“fluffier” (with lower average density
and pressure) than in clusters, and thus are less effective
at turning into stars. They are likely also more susceptible
to ram pressure stripping and shredding. It is difficult to
quantify the amount of cold gas that is mixed back into
the hot phase in a grid-based code. However, we can obtain
a lower limit on the amount of heated gas based on the
simple fact that the total amount of cold gas formed in the
galaxy has to increase monotonically. As Figure 11 shows, a
significant amount of cold gas is returned to the hot phase
before it forms stars or falls onto the SMBH, often more
than the amount of traceable cold gas.
Our simulations suggest that star formation efficiency is
lower in MPGs than in cool-core clusters which has similar
efficiency as the main sequence galaxies (Li et al. 2015). The
average gas depletion time in our simulated MPG is about
7 Gyr. However, we caution that neither the cold clumps nor
star formation is well resolved in our simulations. Our con-
clusion needs to be confirmed with dedicated future high-
resolution studies.
4.4 Comparison with Other Works
In this section, we compare our simulation results with two
other works: Gaspari et al. (2012) and Eisenreich et al.
(2017) that study AGN feedback in idealized elliptical galax-
ies using 3D hydro simulations.
The setup of our MPG is very similar to Gaspari et al.
(2012) who use the FLASH code. We both find that cold-
mode accretion powered mechanical AGN feedback can suc-
cessfully suppress cooling in elliptical galaxies. The spatial
extent of the cold gas and the level of turbulence in the hot
halo in our MPG are generally in good agreement with Gas-
pari et al. (2012). A remarkable difference is that Gaspari
et al. (2012) favor a much lower SMBH feedback efficiency
∼ 10−4 − 10−3. We attribute this difference mainly to the
difference in the treatment of cold gas in the two simula-
tions. Gaspari et al. (2012) remove cold gas using a dropout
term and assumes that all the gas that cools falls onto the
SMBH. We follow the evolution of cold clumps in our sim-
ulations and find that only a fraction (< 1/5) of cold gas
actually gets processed by the AGN, and a larger fraction is
mixed back into the hot phase before it is accreted or forms
stars (see Figure 11 and Section 4.3).
Eisenreich et al. (2017) uses smoothed particle hydrody-
namics code to study the quenching effect of AGN feedback
in massive elliptical galaxies. Despite the differences in the
simulation codes, initial setup, and modes of AGN feedback
(Eisenreich et al. (2017) includes radiative feedback in ad-
dition to mechanical feedback), we find generally consistent
results. In particular, both works find that AGN feedback
has only a small effect on the LX of the galaxy, and thus
causes little change to LX position on scaling relations (e.g.,
the LX − LB relation in Figure 5). Eisenreich et al. (2017)
also find that AGN feedback is most effective in pushing gas
out of the central ∼ 30 kpc, and a persisting cold disk forms
in all of their simulations. This suggests that the formation
of the disk at later times in our simulations (Section 4.1)
does not depend on the code or the specific implementation
of the feedback model (at least in these simulations).
5 CONCLUSIONS
We have performed 3D AMR hydrodynamical simulations
of two idealized elliptical galaxies based on the observations
of NGC 5044 and NGC 4472. We choose the former as a rep-
resentative multi-phase elliptical galaxy (MPG, defined as a
galaxy hosting spatially extended multi-phase gas) and the
latter a representative single-phase galaxy (SPG, defined as
a galaxy that has no cooler component or the cooler gas is
only detected in the nucleus). We model momentum-driven
AGN feedback powered by cold-mode accretion, and study
the interplay between radiative cooling, AGN feedback and
feedback from old stars in the galaxies. We focus on the de-
velopment of thermal instabilities in the two galaxies and the
formation of multi-phase gas. We compare our simulation re-
sults with previous analytical prediction and observations of
nearby elliptical galaxies including the velocity dispersion of
the hot gas and the distribution of young stars. Our main
results are summarized below:
(i) The simulated MPG has an average tcool/tff ∼ 10
within ∼ 30 kpc, and momentum-driven AGN jets frequently
trigger thermal instabilities in the halo, causing hot gas to
cool into extended multi-phase structures. The galaxy ex-
periences precipitation-regulated AGN feedback cycles with
typical periods of a few hundred Myr. In the simulated SPG,
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tcool/tff is a steeper function of radius, and is always above
10 except in the very center where cooling can happen. The
galaxy rarely shows extended multi-phase gas, and AGN
feedback cycles are typically only a few tens of Myr.
(ii) Most of the stellar ejecta in the inner halo of the SPG
are swept out, while some of them cool in the MPG, As
predicted in Voit et al. (2015). Most of the sweeping work is
done by AGN feedback rather than stellar feedback in both
MPG and SPG. Because shock heating is a steep function of
radius, AGN-driven outflow does not result in a steady state
halo. Instead, it slows down around 30 kpc, causing gas to
pile up. As a result, after a few Gyr, a large a mount of gas
precipitates and forms a massive cold disk.
(iii) AGN feedback is on more frequently with a higher
average power in the MPG than in the SPG. As a result, the
hot halo gas in the MPG shows a high velocity dispersion (>
100 km · s−1) more frequently than the SPG. Both galaxies
have similar velocity dispersions (∼ 50− 100 km · s−1) during
the quiescent phase when the AGN is off.
(iv) The spatially extended multi-phase gas in the simu-
lated MPG is often associated with extended star formation.
The star formation rate is low (< 0.1 M · yr−1). The spatial
distribution of the young stars is similar to the cold stellar
population, but slightly steeper as a function of radius. This
is in excellent agreement with the Hubble observations of
young stars in several nearby elliptical galaxies. Star forma-
tion does not occur in our simulated SPG.
(v) Compared to our previous simulations of cool-core
galaxy clusters, we find that in elliptical galaxies, the ther-
mal instability criterion (tcool/tff ∼ 10) and the required AGN
feedback efficiency ( ∼ 0.5−1%) are very similar. The main
difference between the simulated elliptical galaxies and cool-
core clusters is the fate of the cold gas. In elliptical galaxies,
cold gas has a lower average density and thus forms stars
less efficiently. In addition, in multi-phase elliptical galaxies,
a larger fraction of cold gas is shredded and returned to the
hot phase before it can be accreted onto the SMBH.
Our simulations suggest that maintenance-mode AGN
feedback not only maintains the general quiescent state of
massive elliptical galaxies, but also maintains the multi-
or single-phase nature of the galaxy. In other words,
once an elliptical galaxy is formed with a halo structure
that allows local thermal instability to develop (with a
flatter entropy or tcool/tff profile), it will frequently ex-
hibit extended multi-phase gas, whereas a galaxy with a
steeper entropy or tcool/tff slop will only periodically have
cold gas in its very center. Future simulations with more
physical processes included (e.g., cosmic rays) will help
to better understand the long-term evolution of the galaxies.
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